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Abstract 16 
The harmful filamentous cyanobacterium Planktothrix rubescens is a widespread species 17 
in freshwater environments. It shows several adaptation mechanisms, such as 18 
proliferation at low-light intensities, buoyancy regulation and efficient nutrient acquisition, 19 
which enable its successful long-term establishment in lakes. Through toxin production P. 20 
rubescens represents a potential hazard not only for freshwater organisms, but also for 21 
humans. Therefore, over the last decades this species has caused strong scientific 22 
interest as it is found in many lakes, which are drinking water reservoirs. In contrast to 23 
eukaryotic algae which suffered from recent changes in lakes related to re-24 
oligotrophication and global warming, cyanobacterial biomass has been significantly 25 
increasing or remained at least stable over this period. This raises concerns regarding the 26 
persistence of existing planktonic diversity and the stability of food web structures. Here 27 
we provide an ecological view on the major characteristics of P. rubescens and its diverse 28 
adaptation strategies which allow this harmful species to dominate in the presence of 29 
such environmental changes. Elucidating the factors causing persistent P. rubescens 30 
blooms and the resulting potential hazards are key to adequate lake management. 31 
 32 
Introduction 33 
Cyanobacteria are ubiquitous in marine and freshwater ecosystems due to their broad 34 
ecophysiological capacities and their long evolutionary history. In lakes they form robust 35 
populations over longer periods of time, often representing the greatest fraction of total 36 
phototrophic biomass (Posch et al., 2012). The red-coloured harmful filamentous 37 
cyanobacterium P. rubescens is a “keystone species”, which became a dominant primary 38 
producer in plankton communities of several lakes in the Northern Hemisphere (Carraro 39 
et al., 2012). Unique acclimation properties are major factors that make P. rubescens 40 
competitive on different levels. E.g., as a typical metalimnetic species during periods of 41 
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thermal stratification, P. rubescens has a spatial ‘refugium habitat’ which is colonized by 42 
only few other primary producers. 43 
However, P. rubescens does not seem to be an indicator organism for highly-eutrophic 44 
conditions, where its abundances can drop below the limit of detection (Posch et al., 45 
2012; Sommer et al., 1993). Therefore, during the strongest phase of eutrophication in 46 
the past century, when several temperate lakes were characterized by highly increased 47 
nutrient loadings and reduced light penetration, P. rubescens ‘disappeared’ almost 48 
completely. A re-appearance was recorded during re-oligotrophication processes, despite 49 
continuous decreases of essential nutrients such as phosphorus (P) in these ecosystems 50 
(Ernst et al., 2001; Halstvedt et al., 2007; Posch et al., 2012). Since then, P. rubescens 51 
has not only recovered, but it significantly increased its proportion in total biomass 52 
(Noges et al., 2010). Currently P. rubescens is a stable planktonic component in many 53 
European lakes, such as Lake Zurich (Switzerland), Lake Mondsee (Austria), Lake 54 
Ammer (Germany), Lake Garda (Italy), or Lake Steinsfjorden (Norway). Climate induced 55 
changes in nutrient availability as well as altered physical lake processes (e.g. reduced 56 
turn-over, stratification stabilization), which are disadvantageous for typical phototropic 57 
algae, seem to match the evolved adaptation strategies of P. rubescens well. 58 
P. rubescens produces toxins, in particular microcystins and oscillapeptin, which can 59 
inhibit digestive processes of grazers, making filaments in general an unsuitable food 60 
source (Blom et al., 2006). In addition, the ingestion of these toxins by humans can 61 
induce a hepatotoxic reaction with potentially increased liver cancer hazard 62 
(Nishiwakimatsushima et al., 1992). Thus, the World Health Organization (WHO) set a 63 
concentration limit of <1µg L-1 for drinking water. Since P. rubescens occurs in many 64 
lakes located near urban areas and thus are used as drinking water source, the 65 
characteristics and population dynamics of this cyanobacterium should be carefully 66 
studied. 67 
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In this review we summarize different aspects concerning the distribution, abundance, 68 
toxicology, physiology and morphological characteristics of P. rubescens with a wider 69 
focus on Lake Zurich, where its presence in the last decades has been very well studied 70 
Furthermore, we will discuss P. rubescens role in food webs and adaptations in the 71 
context of climate change and lake characteristics. 72 
 73 
General characteristics of P. rubescens 74 
Previously known as Oscillatoria rubescens, the cyanobacterium was taxonomically 75 
reclassified into the newly established genus Planktothrix in the 1980’s and was assigned 76 
to the family Phormidiaceae (Anagnostidis & Komarek, 1988; Suda et al., 2002). 77 
Planktothrix rubescens is usually described as a photoautotrophic organism (Walsby et 78 
al., 2001). There is, however, evidence that P. rubescens is also able to meet its carbon 79 
(C) and nitrogen (N) demand by photoheterotrophic activity and light-dependent uptake of 80 
nitrogenous organic material (Zotina et al., 2003).  81 
The trichomes (elongated terminal filaments) of P. rubescens are solitary and 82 
unsheathed, with narrowed ends, an average width of 5.2 µm (Walsby & Juttner, 2006), 83 
and a width range of 3.9-9.4 µm (Komárek & Komárkova, 2004). P. rubescens 84 
reproduces through crosswise cell division (Kurmayer et al., 2016). Furthermore, there is 85 
no formation of heterocysts or akinetes. Filaments contain evenly distributed gas vesicles 86 
allowing for buoyancy regulation (Walsby & Juttner, 2006), and on solid surfaces, such as 87 
agar plates, they can move by gliding. Thylakoids are positioned perpendicularly to the 88 
long side of filament cells (Dokulil & Teubner, 2012).  89 
The typical red colour of filaments originates from the photosynthetic accessory pigment 90 
phycoerythrin (Davis & Walsby, 2002). Phycoerythrin and phycocyanin are categorized as 91 
phycobiliproteins, and play an important role for the acclimatization of P. rubescens to 92 
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varying irradiances (Bright & Walsby, 2000). Additionally, filaments also contain the 93 
carotenoid oscillaxanthin (Rowan, 1989).   94 
P. rubescens is commonly found in rather deep, mono-, mero- or dimictic lakes (Table 1, 95 
S1). Although present at different nutrient levels, P. rubescens seems to proliferate 96 
mostly in mesotrophic lakes, where it frequently accounts for 90 % of total phototrophic 97 
biomass (Table 1, S1, Fig.1). 98 
The seasonal abundance patterns of P. rubescens are well documented (Legnani et al., 99 
2005; Posch et al., 2012; van den Wyngaert et al., 2011). During stable thermal 100 
stratification, P. rubescens forms distinct population maxima in the metalimnion and 101 
adjusts its position to the depth of the thermocline (Thomas & Märki, 1949). In addition, 102 
these metalimnetic populations do not seem to be evenly distributed throughout the 103 
lakes. In Lake Zurich both longitudinal as well as cross sectional studies revealed 104 
kilometer-long patches separated by regions of low P. rubescens abundances (Garneau 105 
et al., 2013; Salcher et al., 2011). These patches can affect the light climate and physico-106 
chemical characteristics (e.g. oxygen concentration, temperature) in these depths. 107 
In autumn, convective cooling-related degradation of temperature gradients together with 108 
wind force lead to entrainment of filaments into the gradually enlarged mixed layer (Ernst 109 
et al., 2007). During winter / spring mixis filaments may be distributed over the whole 110 
water column (Messineo et al., 2006). In deeper temperate lakes annual P. rubescens 111 
populations typically reach distinct minima in late spring/early summer and maxima in 112 
autumn (Micheletti et al., 1998). Particularly in mild winters, however, substantial parts of 113 
the autumnal population may survive winter (90%) and/or the following spring mixis (70%) 114 
(Walsby et al., 1998). This was confirmed in culture experiments simulating overwintering, 115 
where up to 67 % of filaments, kept in dark and cold (4-5 °C) for maximal 11 weeks, could 116 
be ‘reactivated’ in light and higher temperatures (Holland & Walsby, 2008). 117 
 118 
Effects of nutrients 119 
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Large P. rubescens populations are most commonly found in mesotrophic lakes with low 120 
to moderate P and rather elevated N concentrations (Table 1, S1). This is in contrast to 121 
most other cyanobacteria which typically form blooms in nutrient-rich waters (Dokulil & 122 
Teubner, 2000). This raises questions about the extent of N and P requirements of this 123 
cyanobacterium and whether there are any adaptations for acquiring nutrients in periods 124 
of nutrient depletion. 125 
Up to now there is very limited information about the N:P stoichiometry at which P. 126 
rubescens grows best. Experimental growth assays with P. rubescens cultures have 127 
determined highest biomass production at approximately 30 mg N L-1 (2.0 – 2.5 mM of 128 
NO3) and 3 mg P L-1 (0.1 mM PO4 3-) (Staub, 1961). This is in agreement with findings of 129 
Schreurs (1992) who reported an optimal N:P ratio of 10-16:1 for cyanobacteria which is 130 
lower than the optimum of 16-23:1 for eukaryotic algae. The concentrations mentioned 131 
above are however by two to three magnitudes higher than in the natural habitats where 132 
P. rubescens is usually successful and should therefore be interpreted with caution. 133 
Several studies concerning the relation between a single limiting nutrient (i.e. P or N) and 134 
the phototrophic growth of P. rubescens have been published. It has been hypothesized 135 
that P-limitation may have a negative impact on growth, even inducing temporary 136 
disappearance of the cyanobacterium from food webs of lakes (Dokulil & Teubner, 2012; 137 
Wagner & Adrian, 2009). In laboratory studies, Jacquet et al. (2014) documented a 138 
negative relationship between filament size distribution and P concentration, suggesting 139 
that P-limitation can hamper filament formation. This observation is currently seen as 140 
main reason for the sudden disappearance of this cyanobacterium from Lake Bourget 141 
(France). Nitrogen (N) limitation, on the other hand, results in a reduced formation of 142 
protein vesicles in the gas vacuoles of P. rubescens (Klemer et al., 1982). As these 143 
vesicles provide buoyancy, their reduced accumulation owing to insufficient N 144 
concentrations causes decreased gas vacuolization, thus potentially hampering 145 
stratification of the populations in layers with optimal light conditions. Despite the potential 146 
negative consequences of nutrient limitations, eutrophication appears to have an at least 147 
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as severe impact on P. rubescens populations as oligotrophication. As mentioned above 148 
eutrophication in the last century resulted in near extinction of P. rubescens in several 149 
temperate lakes followed by its reappearance in the course of re-oligotrophication. P. 150 
rubescens seems to have adapted to maximally moderately-eutrophic habitats. Extensive 151 
studies on Lakes Zurich and Mondsee could not find any significant relationship between 152 
P. rubescens and nutrient loadings under non-eutrophic conditions, pointing to other 153 
factors (e.g. light, depth distribution) being more important for the success in these 154 
ecosystems (Dokulil & Teubner, 2012; Walsby & Schanz, 2002). It appears to be 155 
advantageous for P. rubescens to grow within the stable and shielded conditions of the 156 
metalimnion during stratification, as it actively maintains this position by regulating its 157 
buoyancy. 158 
In this layer, P. rubescens might have access to deeply accumulating nutrients, e.g. 159 
during mixing events, thus limiting the nutrient supply for other algae in the epilimnion 160 
(Fogg & Walsby, 1971; Gammeter et al., 1997; Ostermaier et al., 2012). The following 161 
study confirms that P. rubescens significantly affects nutrient level in its surroundings: 162 
Walsby & Schanz (2002) related spatial distributions of P. rubescens with vertical profiles 163 
of P and N concentrations in a comprehensive field campaign on Lake Zurich in the late 164 
1990’s. Their results indicated a correlation between the cyanobacterial depth distribution 165 
and simultaneous decreases of N and soluble reactive phosphorus (SRP) concentrations 166 
in these layers, suggesting that the dense P. rubescens populations are responsible for 167 
the uptake of a significant portion of the available nutrients. However, further 168 
investigations and experiments are needed in order to gain more knowledge on this topic 169 
(Walsby, 2001; Walsby & Schanz, 2002). 170 
 171 
Growth rates 172 
Growth rates of P. rubescens are generally among the lowest reported for cyanobacterial 173 
and algal species (Reynolds, 1984). For P. rubescens cultures isolated from Lake Zurich, 174 
the maximum net growth rate was estimated to be 0.12 d-1 at 12h:12h light: dark cycle 175 
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and a temperature of 20 °C (Bright & Walsby, 2000). In general, growth rates of cultures 176 
kept in light-dark cycle can vary between 0.12 d-1 and 0.19 d-1, whilst under continuous 177 
light conditions they can reach 0.4 d-1 – 0.57 d-1 (Foy, 1980; Meffert, 1971; Zimmermann, 178 
1969). In situ population growth estimates based on lake water samples, collected from 179 
Lake Zurich in summer, pointed at more than 3-fold higher growth rates (0.38 d-1) than 180 
values for cultures kept in light-dark cycle (Micheletti et al., 1998). Similar positive 181 
biomass changes (max 0.32 d-1) were calculated by Dokulil & Teubner (2000) for Lake 182 
Mondsee from field data. However, the same study also reported an average growth rate 183 
of 0.048 d-1 indicating that such high growth rates are rather the exception than the rule in 184 
natural P. rubescens populations. Furthermore, the marked difference between laboratory 185 
experiments and field data might also be a result of filaments recruitment from deeper 186 
layers past overwintering, as individual filaments entrained to greater depths during mixis 187 
need several weeks to float back to upper layers. Part of the measured net growth might 188 
therefore be a result of filaments that are reintroduced into the metalimnion (Micheletti et 189 
al., 1998).  190 
Interestingly, based on weekly measurements Walsby & Schanz (2002) described that P. 191 
rubescens has generally higher growth rates in the epi- than in the metalimnion during 192 
stratification. A possible explanation for this paradox could be the growth strategy of this 193 
cyanobacterium. As K strategists, the populations of P. rubescens are formed slowly, 194 
however more is invested in loss mitigating adaptation mechanisms, including production 195 
of phycobiliproteins (allowing for growth at low light intensities), buoyancy regulation and 196 
grazing defence (Bright & Walsby, 2000). Stratifying in the less illuminated, however more 197 
shielded metalimnetic zone might allow the cyanobacterium to avoid the fierce 198 
competition for nutrients in the epilimnion, as well as the risk of being entrained in the 199 
surface layers where photoinhibition could occur.  200 
 201 
Effects of temperature and light 202 
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According to the annual spatio-temporal distribution in lakes, P. rubescens is usually 203 
exposed to rather cold water and low light intensities (Fig. 2). Nevertheless, laboratory 204 
experiments suggest that the cyanobacterium can tolerate a wide range of light intensities 205 
and temperatures compared to other cyanobacteria (Foy et al., 1976; Oberhaus et al., 206 
2007a). Studies based on a P. rubescens strain isolated from Lake Zurich, reported 207 
optimal growth rates at irradiances of 20-200 µmol m-2 s-1 (Walsby & Schanz, 2002). 208 
Tolerance towards green light, to which the pigments are tuned, however, are much 209 
lower. Green light intensities below 25 µmol m-2 s-1 can be sufficient to cause 210 
photoinhibition which manifests itself by pale discoloration of the filaments (Oberhaus et 211 
al., 2007a; Staub, 1961). Measurements in Lake Lucerne and Lake Zurich have 212 
documented that maximal biomass was usually located at depths near or in the euphotic 213 
zone, where light represented ~1 % of incoming irradiance (Zimmermann, 1969). 214 
Planktothrix rubescens avoided photo-inhibition through stratifying in the metalimnion 215 
during summer, where it was forced to absorb as much incoming light as possible. This is 216 
ultimately supported by phycoerythrin (Schanz, 1986), which allows for an efficient 217 
absorption of the green light, which penetrates deep enough to support phototrophic 218 
growth in the metalimnion. Furthermore, the amino acid uptake of P. rubescens in this 219 
zone was stimulated by low-light conditions, which points to another mechanism for 220 
surviving in greater depths (Walsby & Juttner, 2006). During autumn and winter months, 221 
and severe light limitation in the uppermost water layers, P. rubescens adjusts its position 222 
accordingly (Fig. 2). When present in high densities, P. rubescens impacts the light 223 
climate, inducing an abrupt decrease in the amount of insolation. Additionally, there are 224 
strong evidences that in deeper water layers with insufficient light, P. rubescens 225 
complements its autotrophic growth with heterotrophic activity (Dokulil & Teubner, 2012; 226 
Walsby & Juttner, 2006). 227 
In situ measurements made in Lakes Lucerne and Thun (Switzerland), reported annual 228 
average water temperature of 11.3 °C for depths where P. rubescens maxima were 229 
recorded. Population maxima of this cyanobacterium are usually detected at 230 
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temperatures between 7 and 14 °C (Zimmermann, 1969). In the more southern located 231 
Lake Lugano, however, biomass maxima were temporary stratified at 16.3 °C in summer. 232 
This suggests that temperature alone may not be the crucial factor for population growth 233 
(Schanz, 1985; Zimmermann, 1969). Instead, Oberhaus et al. (2007a) suggested that the 234 
combination of light and temperature might be of relevance. Zimmermann (1969) tested 235 
different light and temperature combinations for the growth of P. rubescens. Maximal 236 
growth was reached at light intensities between 28-37 µmol m-2 s-1, and a temperature of 237 
29 °C. Above this temperature light intensities of ≥ 37 µmol m-2 s-1 proved to be growth 238 
inhibiting. In similar culture based assays, Staub (1961) measured optimal biomass 239 
growth at 28 µmol m-2 s-1 and 20-25 °C. 240 
 241 
Gas vesicles and buoyancy 242 
A substantial part of research concerning morphological characteristics and functions of 243 
gas vesicles was done by Prof. Anthony E. Walsby. According to his description, gas 244 
vesicles are “hollow, rigid, cylindrical structures” incorporated in gas vacuoles that 245 
account for up to 10 % of cell protein and provide buoyancy (Walsby, 1994). As long as 246 
light intensities are low, filaments gain buoyancy due to loss of cell compounds 247 
(carbohydrates). In contrary, high irradiances will induce compounds storage, which 248 
counter-balance buoyancy (Walsby & Schanz, 2002). In Lake Gjersjoen (Norway) P. 249 
rubescens buoyancy decreased during day and increased during night according to light 250 
availability (Walsby et al., 1983a), an observation which seems to be of general value. 251 
The ability of gas vesicles to guarantee buoyancy in lakes is determined by their critical 252 
collapse pressure which plays a fundamental role during mixis (Walsby et al., 1998). If the 253 
critical pressure is smaller than the sum of hydrostatic pressure and cell turgor, vesicles 254 
will collapse. Thus, in deeper lakes, such as Lake Zurich (zmax = 136 m), the survival of 255 
the population during spring mixing and successful formation of inoculum from remaining 256 
filaments for the subsequent growth period is subjected to natural selection of vesicles, 257 
which are able to withstand greater mixing depths. Based on differences in the genes 258 
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coding for the gas vesicles of Planktothrix, six genotypes (GV1–GV6) have been 259 
described, three of which were found in isolates obtained from Lake Zurich (Beard et al., 260 
2000; Beard et al., 1999). A clear correlation between these genotypes and maximum 261 
pressures that the vesicles could withstand has been found: Maximal pressures were 262 
0.96 -1.0 MPa for GV1, 0.86-0.99 MPa for GV2, and 1.0-1.17 MPa for GV3 (Beard et al., 263 
1999). Similarly, vesicle diameter and collapse pressure correlated. While wider gas 264 
vesicles with a diameter of 60 nm collapsed at a pressure of 0.9 MPa (9 bar), narrower 265 
vesicles with a diameter of 50 nm collapse at a pressure of 1.1 MPa. This translates to 266 
maximal depths, in which the filaments remain buoyant of 70 m for the wider and 90 m for 267 
the narrower vesicle type. Whereas the former allows for more efficient buoyancy during 268 
stratification, when P. rubescens maxima usually do not extend deeper than 20 m, the 269 
latter allows the filaments to survive circulation down to 90 m depth, which means that 270 
cyanobacteria will survive deep spring mixing (Bright & Walsby, 1999; Walsby, 2001). 271 
The presence of the different gas vesicle types is a result of cost based counter-selection 272 
(Walsby, 1994). 273 
Filaments can move up to 10 µm s-1 (0.1-0.86 m d-1) (Walsby et al., 2001) which does not 274 
allow P. rubescens for compensating depth position in the presence of internal waves 275 
that usually have higher amplitudes. This was demonstrated for Lake Zurich by Garneau 276 
et al. (2013), who detected a passive downward displacement of the population layer by 6 277 
m within 24h owing to a seiche. This led to a tremendous decrease in light in these 278 
layers, negatively affecting the photosynthesis and inducing oxygen consumption by P. 279 
rubescens.  280 
In experiments with isolates, Walsby et al. (2004) determined the irradiance at which 50 281 
% of P. rubescens filaments will float, i.e. neutral buoyancy, based on averaged (24h) 282 
daily insolation values. For Lake Zurich during stable stratification the daily (12h light 283 
period) insolation should be 0.28 mol m-2, for another lake, Blelham Tarn, a value of 0.51 284 
mol m-2 was found. The irradiance which supports neutral buoyancy for a P. rubescens 285 
strain isolated from Lake Zurich is estimated to be 6.51 µmol m-2 s-1. In addition, in Lake 286 
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Zurich population maxima remain very close to the neutral buoyancy depth during 287 
stratification (Yankova et al., 2016). For Lake Gjersjoen, the irradiance for neutral 288 
buoyancy for a P. rubescens strain, grown under continuous light conditions, was 289 
estimated to be 5 µmol m-2 s-1 (Walsby et al., 1983a). 290 
 291 
Role in the food chain: competition, parasitism, grazing 292 
In lake ecosystems, where the eukaryotic phytoplankton dominates, one may expect an 293 
‘unhindered flux’ of energy and exudates from phytoplankton to higher trophic levels and 294 
bacteria, respectively, maintaining a complex food web (Fig. 3). In contrary, in lakes with 295 
pronounced P. rubescens dominance energy fluxes may drastically decline, as the 296 
cyanobacterium generally represents a low-quality food source (Baumann & Juttner, 297 
2008; Kurmayer & Juttner, 1999). A negative relationship between P. rubescens and 298 
heterotrophic bacteria was documented, suggesting lack of dissolved organic carbon 299 
(DOC) fluxes (van den Wyngaert et al., 2011). Furthermore, it is assumed that P. 300 
rubescens competes not only with phototrophic organisms, but also with heterotrophic 301 
microbes due to its photoheterotrophy (Zotina et al., 2003). Hence, structures and 302 
functions of food webs may be strongly affected, resulting in a loss of biodiversity and 303 
ecosystem stability as well as functionality. 304 
In oligo/-mesotrophic lakes P. rubescens seems to successfully outcompete other 305 
planktonic taxa, accounting for the major part of phytoplankton biomass during most of 306 
the year with one exception: during spring bloom periods, when the biomass of primary 307 
producers is typically dominated by diatoms and cryptomonads (Walsby et al., 1998). 308 
However, in eutrophic lakes the success of this cyanobacterium is usually tremendously 309 
restricted. During the period of severe eutrophication in Lake Zurich in the 1960’s and 310 
1970’s, abundances of P. rubescens fell below the limit of detection (Schanz & Thomas, 311 
1981). This was due to the extreme light limitation below the epilimnetic zone owing to 312 
high algal biomasses near the surface (Walsby et al., 2004). In this situation, P. 313 
rubescens was forced to leave the shielded conditions of the metalimnion and to migrate 314 
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into the epilimnion, where it survived at low densities (Davis et al., 2003; Walsby & 315 
Schanz, 2002). However, algae in the epilimnion most probably outcompeted P. 316 
rubescens, as growth rates of several abundant algal species are twice as high as rates 317 
of P. rubescens (Davis & Walsby, 2002; Van Liere & Walsby, 1982).  318 
However, if present in high densities, P. rubescens may constitute a significant competitor 319 
for habitat and nutrients during spring turn-over and through its stratification in the 320 
metalimnion. Due to its position it can potentially acquire P entrained from the 321 
hypolimnion before the nutrient reaches the habitat of eukaryotic algae (Fig. 3). 322 
Furthermore, the production of toxins gives P. rubescens the possibility to hamper 323 
interspecific coexistence (Fig. 3). Inhibition experiments with Planktothrix agardhii and P. 324 
rubescens have revealed a significant dominance of P. rubescens owing to a great extent 325 
to its production of allelopathic compounds (Oberhaus et al., 2008). 326 
In terms of grazing, it appears that some zooplanktonic species have evolved essential 327 
adaptations for coexisting together with toxic cyanobacteria. Planktothrix rubescens 328 
filaments are known to be ingested by Daphnia and Cyclops (Fig. 3) (Kurmayer & Juttner, 329 
1999). Moreover, smaller filaments (< 100 µm) are preferred by daphnids, possibly 330 
explaining why Daphnia cannot control P. rubescens population dynamics after all 331 
(Oberhaus et al., 2007b). Adverse relationships between P. rubescens and predators 332 
related to toxins production are described in the section “Toxicity”.  333 
Additionally, observations detected a strongly decreased P. rubescens summer 334 
population and concomitantly unusually high densities of Bosmina longirostris (Davis et 335 
al., 2003). There are also observations of amoebae and ciliates feeding on P. rubescens 336 
(Dirren, 2016; T. Posch, personal communication), thus suggesting again that P. 337 
rubescens might be, at least partly, food source for higher trophic levels, albeit not on a 338 
comparable scale like eukaryotic algae.  339 
Little is known about parasites of P. rubescens. Davis et al. (2003) reported on the 340 
occurrence of fungi alike attachments on cyanobacterial filaments from Blelham Tarn. 341 
Similar observations are frequently made in Lake Zurich (T. Posch, personal 342 
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communication). Davis and colleagues (2003) hypothesized that these fungi could be 343 
assigned to the species Rhizophydium megarrhizum (Chytridiomycota) which is capable 344 
of penetrating filaments, thus causing their partitioning. Nonetheless, recently it has been 345 
shown that important oligopeptides produced by P. rubescens (e.g. microcystins) can act 346 
as a defence against chytrid attacks (Gerphagnon et al., 2015; Rohrlack et al., 2013). In 347 
addition, P. rubescens can suffer from infections by cyanophages, as documented by 348 
Deng & Hayes (2008) for Lake Zurich and lakes in the Cotswold Water Park (U.K.) (Fig 349 
3.). 350 
 351 
P. rubescens and climate change 352 
With rising awareness of changes in the global climate, the number of contemporary 353 
studies evaluating the link between these changes and cyanobacterial success in lakes 354 
increased. Especially of interest is the impact of inter-annual climate variability on 355 
cyanobacterial growth (Anneville et al., 2005; Weyhenmeyer et al., 2002). Important 356 
changes occurring in lakes of the Northern Hemisphere connected to climate warming 357 
and the general development of algal versus cyanobacterial biomass are depicted in 358 
Figure 4. The frequent occurrence of warm winters and springs rather than hot summers 359 
positively affects P. rubescens, e.g. in Lake Geneva (Anneville et al., 2015), Lake 360 
Bourget (Savichtcheva et al., 2015), and the lakes Zurich and Mondsee (Dokulil & 361 
Teubner, 2012). The positive effect is linked to water column stabilization, as well as 362 
earlier stratification onset. Recently, Posch et al. (2012) showed for Lake Zurich that 363 
reduced water turn-over as a result of warm winters is a causal reason for the success of 364 
P. rubescens populations. In years when mixis did not expand deeper than 100 m, a 365 
substantial portion of filaments survived, which subsequently formed the inoculum for the 366 
new growth season. Thus, in these years P. rubescens reached a maximal lake-wide 367 
biomass of up to 4.5 x 103 metric tons. In comparison, in years, in which water turn-over 368 
reached >110 m, maximal biomasses rarely exceeded 2 x 103 tons (Posch et al., 2012). 369 
The positive correlation found between increasing winter/spring temperatures and P. 370 
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rubescens biomass is attributed to lake mixing depth rather than to a direct temperature 371 
effect on population growth. However, further temperature increase might nevertheless 372 
have a positive effect on P. rubescens given the above mentioned maximal growth at 373 
very high temperatures of ≥ 25 °C determined experimentally. Simultaneously with the 374 
increase in cyanobacterial abundances, in some lakes biomasses of phytoplankton taxa 375 
(e.g. Aulacoseira, Fragilaria) stagnated or even decreased in the last years, most 376 
probably due to drastic decreases of P and other nutrients in the epilimnion after reduced 377 
spring turn-over (Ruhland et al., 2008; Winder et al., 2009). Consequently, further 378 
strengthening of the effects of climate warming on deeper lakes may increasingly favour 379 
P. rubescens over eukaryotic phytoplankton (Fig. 4). A recent study, however, reports on 380 
a climate-induced drawdown of the upper boundary, and a strong decrease in thickness 381 
of the metalimnion in July and August in Lake Zurich (Yankova et al., 2016). Hence, they 382 
suggest that ultimately P. rubescens might be exposed to higher light intensities and 383 
stronger competition by being forced in the epilimnion already in summer. 384 
 385 
Toxicity 386 
The ability of P. rubescens to produce substances which are growth inhibiting or toxic to 387 
other organisms is found to be variable among different strains (Oberhaus et al., 2008). 388 
The major toxins produced by the cyanobacterium are [D-Asp3,(E)-Dhb7]microcystin-RR 389 
and oscillapeptin J (Blom et al., 2006). Beside these substances, P. rubescens also 390 
produces several other (cyclic) peptides and infochemicals which can inhibit digestive 391 
proteases or aid grazers to distinguish between edible and non-edible cells/filaments 392 
(Kurmayer et al., 2016).  393 
Cyanobacterial microcystins are hepatotoxic cyclic heptapeptides, which are known to 394 
inhibit eukaryotic protein phosphatases type 1 and 2A (Sano et al., 2001). The toxin [D-395 
Asp3,(E)-Dhb7]microcystin-RR is found to have the highest toxicity in comparison to other 396 
microcystins, which were tested in biological assays with the crustacean 397 
Thamnocephalus platyurus, showing mortality (LC50) already at 3.6 µM (Blom et al., 398 
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2001). Experiments regarding toxicity and protein phosphatase inhibition with 399 
Thamnocephalus platyurus, however, revealed that despite its high toxicity, [D-Asp3,(E)-400 
Dhb7]microcystin-RR has a weak inhibition effect on the phosphatases 1 and 2A, 401 
suggesting toxin target adaptation to other mechanisms for this crustacean (Blom & 402 
Juttner, 2005). The sensitivity of grazers to the toxicity of this substance can vary. For 403 
example, experiments with different grazers conducted by Blom et al. (2006) estimated a 404 
higher sensitivity of the selective grazer Eudiaptomus sp. (LC50= 1.2 µM), and a lower 405 
sensitivity of Daphnia sp. (21.1 µM), Chironomus riparius (52 µM) and Brachionus 406 
calyciflorus (157 µM). This is in concert with the findings of Kurmayer & Jüttner (1999), 407 
who observed strict microcystin avoidance by Eudiaptomus gracilis, and higher 408 
physiological toxin resistance by Daphnia and Cyclops.  409 
The second major toxin of P. rubescens, oscillapeptin J, is a potent inhibitor of trypsin 410 
(Blom et al., 2006). It is produced for grazer defence against crustaceans, which are the 411 
most common grazers of the cyanobacterium (Blom et al., 2003). For Thamnocephalus 412 
platyurus a dose of 15.6 µM would be already lethal. Eudiaptomus sp. and Daphnia sp. 413 
are, again, less sensitive towards this toxin (Blom et al., 2006). Furthermore, daphnids 414 
isolated from systems where P. rubescens occurs show less sensibility to its toxins than 415 
their relatives from other systems, indicating a capability for adaptation (Blom et al., 416 
2006). 417 
Given the findings that P. rubescens can be harmful particularly for zooplankton, it is not 418 
a surprise that higher trophic levels (e.g. fish) can be affected by its toxicity too (Fig. 3). 419 
Experiments with European white fish (Coregonus lavaretus) from Lake Ammersee 420 
(Germany) exposed to different P. rubescens concentrations (e.g., 80’000 cells/120 µl 421 
with corresponding concentration of 0.6-0.9 µg microcycstin-LRequiv./kg body weight)  422 
revealed severe negative impacts of the cyanobacterium on fish fitness (weight 423 
reduction), physiological stress and tissue damage (liver, kidney, gastrointestinal tract) 424 
(Ernst et al., 2006; Ernst et al., 2007).  425 
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A study based on samples from the central Italian Lake Gerosa documented that the 426 
proportion of toxic versus non-toxic P. rubescens can be fairly high (30-100 %). More 427 
interestingly, it appears that the toxic part of the population increases with depth and 428 
decreases during autumnal blooms of the cyanobacterium, suggesting natural selection 429 
for the non-toxic cells (Manganelli et al., 2010). Similarly to this study, Garneau et al. 430 
(2015) estimated a relatively small (14 %) proportion of the non-microcystin producing 431 
genotype of P. rubescens to the total population throughout the year in Lake Zurich. 432 
Furthermore, they found that the non-toxic genotype is more abundant in the periods of 433 
winter mixis than during stratification, suggesting its adaptations to and selection for the 434 
unstable conditions in these periods, when grazing pressure is minimal. This increase in 435 
abundances occurs in concert with selection for filaments with vesicles of the type that 436 
withstands the greatest depths (Walsby et al., 1998). It has therefore been hypothesized 437 
that these traits are linked (Garneau et al., 2015). Further genomic analysis are thus 438 
required. 439 
 440 
Conclusion and outlook 441 
Cyanobacteria evolved a variety of adaptation mechanisms as they are among the most 442 
ancient organisms on Earth. Their physiological versatility guarantees species such as P. 443 
rubescens enormous advantages over other planktonic species, especially in periods 444 
when climate conditions are changing on a global scale. On the one hand, this non-N2-445 
fixing cyanobacterium is well adapted to low-light and the high N:P ratios typical for oligo-446 
/mesotrophic lakes, and it is capable of adjusting its position in the lake to the well 447 
shielded metalimnion by buoyancy regulation. On the other hand, the current climate 448 
warming results in more favourable conditions, such as stratification stabilization, as well 449 
as reduced turn-over and thus reduced mortality. Moreover, these changes could also 450 
benefit P. rubescens more indirectly through reducing the growth of other planktonic taxa 451 
by deteriorating nutrient export from deeper layers to the surface during mixing and thus 452 
improving light conditions in the metalimnion. Apart from this, the production of potent 453 
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toxins is a distinct way to handle competition. However, the harmfulness of the 454 
cyanobacterium affects not only other phytoplankton taxa and typical grazers, but it also 455 
reaches higher trophic levels, e.g. having influence on fish and human health. In lakes 456 
with steadily high P. rubescens densities, there is a higher financial and technical effort 457 
for an efficient drinking water management.  458 
Given the frequent occurrence of P. rubescens blooms in many lakes during the past 459 
decades and its hazard for other organisms, the significant number of studies focusing on 460 
these cyanobacteria is not surprising. Nevertheless, there are still unanswered questions. 461 
These include, for example, the potential advantage of P. rubescens over epilimnetic 462 
plankton taxa for nutrients uptake due to its deep location and buoyancy regulation ability. 463 
In lakes with frequently reduced spring turn-over depths and thus high nutrient deficiency, 464 
this can additionally aggravate the situation of spring bloom taxa, potentially threatening 465 
planktonic diversity and leading to major shifts in species abundance. Furthermore, a 466 
more comprehensive knowledge regarding the role of grazers, viruses and fungi for 467 
controlling the population dynamics of P. rubescens is needed.        468 
  469 
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Figures and tables: 746 
Table 1. Physico-chemical characteristics and biomass proportion in lakes with well 747 
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 753 
Fig. 1. Proportion of P. rubescens biomass on total biomass for each lake as listed in 754 
Table 1, grouped according to their trophic status. Lakes names are abbreviated to the 755 
first three letters. 756 
  757 
 45 
 
 758 
Fig. 2. Distribution of P. rubescens in the water column over the seasons with 759 
corresponding temperature and insolation curves (left). 760 
  761 
 46 
 
 762 
Fig. 3. Illustration of a classical food chain dominated by eukaryotic phytoplankton (left) 763 
and P. rubescens (right). Arrows represent type and effect strength of relationships.   764 
  765 
 47 
 
 766 
Fig. 4. Schematic depiction of the development of major physicochemical and biological 767 
characteristics in lakes with ongoing climate warming during the last decades. 768 
  769 
 48 
 
Supplementary: 770 
S1. Physicochemical characteristics of lakes with documented P. rubescens proliferation, 771 
for which no data regarding biomass proportion on total biomass were available. TP (total 772 
phosphorus) concentrations refer to epilimnetic values. NO3-N (nitrate) concentrations 773 
refer to the whole water column (for Lake Baldegg at full circulation), except for Lake 774 
Maggiore and Lake Lucerne, for which concentrations refer to epilimnion.  775 
  776 
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After strong fertilization in the 20th century, many deep lakes in Central Europe are 19 
again nutrient poor due to long-lasting restoration (re-oligotrophication)1,2. In line 20 
with reduced phosphorus and nitrogen loadings, total organismic productivity 21 
decreased and lakes have now historically low nutrient and biomass 22 
concentrations2. This caused speculations that restoration was overdone and 23 
intended fertilizations are needed to ensure ecological functionality3. Here we show 24 
that recent re-oligotrophication processes indeed accelerated, however caused by 25 
lake warming. Rising air temperatures strengthen thermal stabilization of water 26 
columns which prevents thorough turnover (holomixis)4. Reduced mixis impedes 27 
down-welling of oxygen rich epilimnetic (surface) and up-welling of phosphorus 28 
and nitrogen rich hypolimnetic (deep) water5. However, nutrient inputs are 29 
essential for algal spring blooms acting as boost for annual food web 30 
successions5,6. We show that repeated lack (since 1977) and complete stop (since 31 
2013) of holomixis caused drastic epilimnetic phosphorus depletions and an 32 
absence of phytoplankton spring blooms in Lake Zurich (Switzerland). By 33 
simulating holomixis in experiments, we could induce significant vernal algal 34 
blooms, confirming that there would be sufficient hypolimnetic phosphorus which 35 
presently accumulates due to reduced export. Thus, intended fertilizations are 36 
highly questionable, as hypolimnetic nutrients will become available during future 37 
natural or artificial turnovers. 38 
 39 
Global warming changes physical and chemical properties of lakes and 40 
catchments7, as well as their biota8. Inland surface waters are immediately affected by 41 
warming due to the strong correlation between air and surface water temperatures8 and 42 
the impact of increased solar radiation9. The documented average warming per annum is 43 
mainly attributed to striking temperature increases during cold seasons (winter) across 44 
the Northern Hemisphere10,11. However, in a recent study for a pre-alpine region, the 45 
 74 
 
strongest warming was observed during spring periods12. This causes an earlier onset 46 
and prolongation of thermal stabilization in even deep large lakes. Thus, chances of 47 
complete water turnover (holomixis), happening once or twice a year in the temperate 48 
zone, become smaller, owing to temperature-dependent density differences between 49 
warmer surface (epilimnion) and cold deep water layers (hypolimnion). 50 
Depending on the morphometry and productivity of thermally stratified lakes, hypolimnetic 51 
oxygen is gradually depleted due to microbial respiration. Anoxia leads to a release of 52 
orthophosphate (PO4-P) otherwise bound in sediments at aerobic conditions. Thus vernal 53 
holomixis is not only fundamental for the replenishment of deep layers with oxygen but 54 
also for the transfer of nutrients from the hypo- to the epilimnion13. Nutrients in 55 
combination with higher irradiance, rising water temperature and reduced turbulence14 56 
enable photoautotrophic organisms (algae) to develop massive populations, so called 57 
spring blooms6. This first boost in primary production is the basis for organisms’ 58 
successions within food webs15,16. Algal spring blooms are followed by high abundances 59 
of herbivores (e.g. protists16 and metazooplankton17) causing the breakdown of 60 
phototrophs, which is mirrored by high water transparency (the ‘clear water phase’). 61 
These reoccurring annual dynamics in temperate lakes seemed to be highly predictable 62 
and were described in detail by the PEG (Plankton Ecology Group) model and 63 
adaptations of this conceptual framework15,17,18. 64 
Here we show that the typical annual successions within lake food webs may be 65 
at least partly lost in the absence of deep mixing. The phototrophic spring bloom 66 
community, commonly formed by diatoms and cryptophytes in temperate lakes18, is cut 67 
off from essential nutrients such as PO4-P and nitrogen (mainly nitrate NO3-N).This 68 
reduction in primary production will affect the entire food web as algae are the major 69 
source of substrates for bacteria and of food for consumers16. Ultimately, this 70 
phenomenon may propagate up to the level of top predators, causing drastic decreases 71 
in fish stocks19. Our study is based on a long-term monitoring of Lake Zurich (maximal 72 
 75 
 
depth: 136 m; Switzerland) which can be considered as a model ecosystem for temperate 73 
European lakes1,4,9,20.  74 
A strong relation between vernal epilimnetic PO4-P deficits and mixis depth 75 
became first obvious from a biweekly monitoring conducted since 2009. The overall 76 
warming of Lake Zurich in the last four decades has been documented4,20 and this trend 77 
continued during the last 8 years. Since 2013, warming steadily propagated in deeper 78 
water layers, and temperature increased to 5 °C even in 90 m depth (Fig. 1a). This 79 
extensive warming impeded vernal holomixis for four consecutive years (2013-2016). As 80 
a proxy for the depth of spring water turnover4, the isoline referring to 6 mg O2 l-1 showed 81 
a reduction of mixis from 120 m in 2012 to only 69 m in 2016 (Fig. 1b). In parallel, the last 82 
large import of PO4-P from the hypo- to the epilimnion was observed in 2012 (Fig. 1c). 83 
Since then, concentrations in the water column down to 40 m were close to the limit of 84 
detection (<1 µg l-1) throughout the years. However, levels of biologically available PO4-P 85 
were still high (> 150 µg l-1) in layers near to the sediment in late winter (Fig. 1c). Notably, 86 
concentrations of total phosphorus (TP = roughly the sum of dissolved PO4-P and 87 
particulate phosphorus) did not mirror the lack of holomixis at all (Fig. 1d). Most of TP in 88 
surface layers of lakes is made up by organismic bound phosphorus (particulate fraction, 89 
Fig. 1e), which in case of Lake Zurich highly corresponds to the dominant primary 90 
producer, the cyanobacterium Planktothrix rubescens (Fig. 1f). In contrast to holomixis 91 
events, which result in the destruction of large fractions of cyanobacterial populations in 92 
winter / early spring, incomplete water turnovers allowed for high survival ratios4, causing 93 
their permanent presence since 2012 (Fig. 1f). In addition, mixis still reached zones (70-94 
90 m) with elevated PO4-P concentrations since 2012, thus, P. rubescens were entrained 95 
into these layers (Fig. 1c,f). Hence, even in case of small imports of PO4-P from deeper to 96 
upper zones during weak mixis, the quantitatively dominant cyanobacterium may absorb 97 
the available phosphorus and thus deplete this essential nutrient before physical 98 
preconditions (e.g. temperature, light) for eukaryotic algal blooms are met. This may have 99 
severe consequences for the entire food web as P. rubescens stores various toxic 100 
 76 
 
secondary metabolites making this harmful cyanobacterium an adverse food item for 101 
most consumers21. 102 
In a next step the long-term data-set starting from 1977 (Fig. 2) was evaluated i) to 103 
test if multiannual series of incomplete water turnovers happened already before 2013, 104 
and ii) to define the level of ‘expected’ epilimnetic PO4-P enrichment during spring mixis. 105 
This data-set is based on monthly sampling of 19 distinct depths (along 0-136 m) 106 
resulting in a total of >9,100 values per biological and physico-chemical parameter. 107 
While water turnover did not expand deeper than 90 m in only two years before 108 
2000, this phenomenon developed rather to a rule than an exception since then (Fig. 2a), 109 
with the unique continuous sequence of incomplete turnovers since 2013 mentioned 110 
above. Overall, regression analysis for water turnover depth would predict a decrease by 111 
38 m from 1977 to now. In reality, maximal mixing depth for 2016 was with 69 m even 15 112 
m less than predicted (84 m) and represents the lowest recorded mixing depth since the 113 
monitoring started. 114 
The significant long-term decrease of epilimnetic PO4-P reflects the re-115 
oligotrophication (Fig. 2a and Supplementary Table S1). Annual maxima mirror the 116 
turnover period from January to April, with peaks of >60 µg l-1 during the 1980s and 117 
amplitudes of 9-20 µg l-1 during 2000-2012 (Fig. 2a). The recent strong decrease in 118 
epilimnetic PO4-P maxima (1.6-2.2 µg l-1) is in agreement with decreasing mixing depths 119 
during the last four years (inlet in Fig. 2). Also long-term data show a clear context 120 
between depth of water turnover and vernal epilimnetic phosphorus (Fig. 2b,c). It was 121 
uncertain if the very recent striking PO4-P loss in surface waters could be also linked to 122 
an ecosystem wide depletion of phosphorus due to overdone restoration measures. 123 
However, our data show that this phenomenon is clearly linked to lake warming and its 124 
strong influence on water turnover dynamics (Fig. 2b,c). In addition, the total PO4-P 125 
content of the lake (Supplementary Fig. S1) and the hypolimnetic P pool are stable since 126 
1995 and values are now even increasing owing to re-solution from anoxic sediments and 127 
insufficient export during mixis (Fig. 2d and Supplementary Table S1). 128 
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After winter, PO4-P is the essential growth promotion factor for the phototrophic 129 
spring bloom community18. Despite the distinct long-term decrease in dissolved P, 130 
pronounced vernal mass developments of centric diatoms were recorded until 2000 (Fig. 131 
3a). Thereafter, drastic declines were observed in several years, and spring primary 132 
production of centric diatoms nearly vanished since 2013 (Supplementary Fig. S2a). 133 
Based on the 40 years long-term data we found a clear statistically significant context 134 
between vernal mixis, PO4-P and abundances of centric diatoms (Supplementary Fig. 135 
S3). Small centric diatoms, often affiliated with the genera Cyclotella and 136 
Stephanodiscus, grow rapidly in spring at low silicium to phosphorus (Si:P) ratios, i.e., 137 
algae need relatively high P concentrations (Supplementary Fig. S2c). As Si is an 138 
essential component for the frustules of diatoms it is another limiting nutrient apart from 139 
P. Typically, silica (SiO2) is consumed by centric diatoms during spring, leading to 140 
concentration minima in summer and fall. Epilimnetic maxima are then reached again 141 
during vernal turnover. This well-known patterns could be also observed in Lake Zurich 142 
during two decades from 1977 on (Fig. 3c). In the last two decades, however, SiO2 143 
concentrations were steadily increasing, indicating marginal consumption in spring. 144 
Meanwhile SiO2 even seemed to accumulate (Supplementary Table S1), and 145 
concentrations showed only weak fluctuations during the limnological year, reflecting the 146 
decreasing diatom abundances mentioned above. Observable annual SiO2 minima might 147 
be the result of slightly increasing diatom populations in summer (Fig. 3a and 148 
Supplementary Fig. S2e). Epilimnetic nitrate values decrease since 1995 (Supplementary 149 
Table S1), nevertheless, concentrations are still saturating for autotrophic organisms 150 
during spring (Fig. 3e). We found first indications that severe PO4-P limitations (Fig. 3d) 151 
meanwhile even affected cryptophytes (Fig. 3b and Supplementary Fig. S2b), the second 152 
dominant group of primary producers during spring. Their major representing genera, 153 
Rhodomonas and Cryptomonas, are typical r-strategists18, i.e., algae have high growth 154 
rates in comparison to competitors, they can develop short lived peaks during the whole 155 
year and seem to grow at even minimal P concentrations (Supplementary Fig. S2d). 156 
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However, various cryptophyte genera are mixotrophic, i.e. when performing 157 
photosynthesis under nutrient depleted conditions, algae may utilize N and P from 158 
ingested bacteria as substitutable nutrients22. This may explain why long-term data of 159 
cryptophytes show much slighter decreases during spring than centric diatoms. 160 
Nevertheless, a decline of cryptophytes was even observed for summer populations 161 
(Supplementary Fig. S2f and Table S2). 162 
In sum, the reduced primary production of diatoms and cryptophytes may lead to 163 
drastic changes of nutrients’ stoichiometry owing to accumulation of otherwise limiting 164 
nutrients (e.g. SiO2 or Fe) in future (Fig. 4). In addition, incomplete turnovers caused 165 
already drastic hypolimnetic oxygen depletions, which resulted in changed redox-166 
conditions and chemical compositions of deep waters (Fig. 4). It is uncertain if the recent 167 
drastic declines of vernal algal blooms already propagated along the trophic cascade, i.e. 168 
if consumers as Phyllopoda (e.g. daphnids) and copepods suffer from shortage of 169 
potential food organisms (Fig. 4). We observed significant negative trends for all 170 
metazooplankton entities (Supplementary Table S2 and Fig. S4) and abundances in May 171 
(clear-water phase) for the years 2013-2016 are among the lowest values recorded since 172 
1977 (Supplementary Fig. S5). However, long-term developments also mirror the re-173 
oligotrophication and thus, should be interpreted with caution in regard to the recent 174 
reduction of primary production. 175 
Lake Zurich is just one of many examples for effective restorations of temperate 176 
European lakes2. Although this sounds like a successful story of activities by 177 
environmental protection agencies and policy, local authorities are now increasingly faced 178 
with criticism that nutrient reductions were (too) excessive3, causing drastic decreases in 179 
lakes’ productivities (e.g., fish stock). Recently, even public debates were initiated about 180 
intended re-fertilizations of distinct large European lakes. Biomass reductions to pre-181 
eutrophication levels were intended, however, here we show that additional and 182 
unexpected drastic decreases can be indeed observed in a temperate lake. However, 183 
these phenomena are linked to yet over-looked aspects of lake warming, rather than to 184 
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overdone restoration measures. Two artificial mixis experiments conducted in 2015 and 185 
2016 highlighted the key role of reduced mixis depth in the currently observed 186 
productivity loss. They further confirmed the presence of sufficient hypolimnetic nutrients 187 
for the promotion of vernal algal blooms. Natural water turnovers reached only to a depth 188 
of 95 m in 2015 and 69 m in 2016. In both years, a threefold experimental approach was 189 
applied, in which plankton successions were followed for three weeks at light and 190 
temperature conditions typically determined during spring periods. (i) In untreated surface 191 
waters (5 m depth), neither algal nor bacterial parameters showed any growth dynamics 192 
(Fig. 5a,d). (ii) Inducing artificial lake turnover by mixing epi- (5 m depth) with 193 
hypolimnetic water (100-110 m depth) in a ratio of 1:1, initiated a pronounced increase of 194 
chlorophyll a concentrations after a few days (Fig. 5b,e). This boost in primary production 195 
went in parallel with distinctive bacterial growth (Fig. 5b,e). Bacteria experience 196 
considerable growth stimulation after phytoplankton blooms6,23 due to raised releases of 197 
extracellular dissolved organic carbon (eDOC) by algae. (iii) Epilimnetic water (5 m depth) 198 
amended with PO4-P (40 µg L-1) promoted algal and bacterial growth comparable to the 199 
artificial mixis (Fig. 5c,f). Whenever increased algal production was observed, it could be 200 
primarily attributed to population dynamics of centric diatoms. 201 
Lake warming is presently an ongoing process9,10 and thus, the probability of 202 
serial incomplete water-turnover events and of insufficient hypolimnetic nutrient export will 203 
further increase. However, our results indicate that the trophic status of large temperate 204 
lakes should not be misinterpreted as to be ultra-oligotrophic. These ecosystems have 205 
still the internal capacity to promote distinct phytoplankton blooms given just intensive 206 
water (natural or artificial) turnovers again. In consequence, possible intentions to fertilize 207 
lakes should be seen very critical by policy makers with respect to sustainable lake 208 
management. 209 
 210 
 211 
 212 
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Methods 213 
Lake Zurich. Lake Zurich refers to Lower Lake Zurich and is a deep (136 m), large (62 km2), occasionally 214 
holomictic lake situated on the Swiss Plateau24. The lake is considered monomictic with a water turn-over in 215 
March-April, followed by a period of thermal stratification. Lake Zurich is a source of drinking water for over 1 216 
Million people and of high recreational and economical value for the surrounding urban area. The lake has 217 
undergone a long period (1900s until 1970s) of eutrophication due to sewage inputs and runoff from 218 
agricultural areas. Thus, concentrations of epilimnetic total phosphorus (TP) reached a final maximum of 120 219 
µg l-1 at that time. Since the 1950s, a dual strategy was pursued by constructing sewage treatment plants and 220 
reducing nutrient emission from the catchment. Since the 2000s, annual average TP concentrations settled 221 
down to 10-15 µg l-1. Nitrate (NO3-N) concentrations still increased until mid of 1990s, resulting in a high N:P 222 
stoichiometry4. In parallel with the re-oligotrophication, phototrophic biomass shifted from an algal to a 223 
cyanobacterial (Planktothrix rubescens) dominated community, owing to changed nutrient stoichiometry and 224 
reduced mixing depth4. Nevertheless, distinct spring algal blooms were still observed whenever deep mixing 225 
took place16.  226 
 227 
Long-term data. Recent (2009-2016) depth-profiles of temperature, oxygen, and P. rubescens related 228 
chlorophyll a were measured biweekly (n = 192) near the deepest point of the lake using the multi-parameter 229 
probes YSI 6600 (YSI Incorp., Yellow Springs, OH, USA) and TS-16–12 fluoroprobe (bbe Moldaenke GmbH, 230 
Kronshagen, Germany). Parameters were measured in 1 m intervals from 0-120 m. Phosphorus (total and 231 
particulate) and orthophosphate concentrations were determined monthly for 17 distinct sampling depths from 232 
0-136 m.  233 
In course of an ongoing long-term monitoring program since 1977, samples are collected by the Zurich Water 234 
Supply near the deepest point of the lake. Physico-chemical parameters (nitrate, oxygen, phosphorus, and 235 
silica) were analyzed monthly for 19 distinct depths from 0-136 m (n = 9,120). Biotic parameters (abundances 236 
of centric diatoms and cryptophytes) were analyzed monthly for 14 distinct depths from 0-136 m (n = 6,720). 237 
The quantification of algae is based on microscopic evaluation of fixed samples25. Epilimnetic values were 238 
calculated from depth-weighted averages of samples (depths: 0, 1, 2.5, 5, 7.5, 10, 12.5, 15 and 20 m) 239 
between 0-20 m. Hypolimnetic values were calculated from depth-weighted averages of samples (depths: 240 
100, 110, 120, 130, 135 m) between 100-135 m. We used the 6 mg O2 l-1 isoline as a proxy for the annual 241 
mixing depth4. The quantification of zooplankton groups is based on microscopic evaluation of fixed 242 
samples25 (net-hauls from 0 to 136 m). 243 
Experimental setup 244 
Experiments were run in March 2015 and March 2016 and lasted for 18 days each. All treatments were 245 
conducted in triplicates and waters were incubated in 5 l bottles at 10 °C and 40 µmol m-2  s-1 light intensity, 246 
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and at 12:12 h day: night cycle. Water for the three different treatments (see below) was taken from 5 m and 247 
100 (110) m near to the deepest point of Lake Zurich (N 47°17.147’, E 8°35.460’) and filtered through a 100 248 
µm filter to exclude larger predators. The control treatments consisted of 4 l untreated water from 5 m depth 249 
with initial TP concentrations of 4 µg P l-1 in 2015 and 11 µg P l-1 in 2016. Artificial turnover treatments 250 
consisted of 2 l surface water (5 m) mixed with 2 l deep water (from 110 m in 2015, and from 100 m in 2016; 251 
these depths corresponded to the deepest still aerobic zones in Lake Zurich). Mixing with deep waters 252 
resulted in TP concentrations of 22 µg P l-1 in 2015 and 35 µg P l-1 in 2016. For the phosphorus amended 253 
treatments we added K2HPO4 to a final concentration of 40 µg P L-1 to 4 L of surface water (5 m). Thus, the 254 
initial measured TP concentrations in these treatments were 40 µg P L-1 in 2015 and 50 µg P L-1 in 2016. 255 
Measurements of chlorophyll a and bacterial abundance were made every second day. Chlorophyll a was 256 
measured in a 25 ml cuvette with the TS-16–12 fluoroprobe (see above). For the quantification of bacteria, 10 257 
ml subsamples were fixed with 0.5 ml formaldehyde (2 % end concentration), stained with SYBR-Green and 258 
analyzed with an InFlux V-GS Flow Cytometer (Cytopeia Inc.).  259 
Statistical data analyses 260 
We analyzed long-term (40 years) data for significant trends by Mann Kendall trend tests. To account for 261 
effects of significant residual autocorrelations, we applied the “trend-free pre-whitening” procedure26 262 
incorporated in the R package “zyp” to datasets (annual mixing depth, maximum diatom and cryptophytes 263 
abundances in spring and summer). Seasonal datasets (orthophosphate, nitrate, silica, centric diatoms, 264 
cryptophytes, and zooplankton groups) were subjected to seasonal MK trend test with integrated serial 265 
dependence removal27 by using the R package “EnvStats”. The change point detection in whole-lake 266 
orthophosphate content was estimated by using two-segment piecewise linear regressions after Crawley 267 
(2012)28. First, a wide range around the assumed change point was chosen visually. Second, residual 268 
standard errors were calculated by running two-segment linear regressions for each possible change point 269 
(iterative searching). Finally, the change point was estimated as the model with lowest residual standard 270 
error. Principal component analysis was carried out with the R package “vegan” to test for possible 271 
correlations between mixing depth, concentrations of major chemical parameters and abundances of 272 
organisms. 273 
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Figure legends 370 
Figure 1 | Recent trends (2009 to 2016) in warming, concentrations of oxygen and 371 
phosphorus, and cyanobacterial biomass in Lake Zurich (Switzerland). a, Water 372 
temperature and two white isolines showing 4.5 °C and 5.0 °C, respectively. b, Dissolved 373 
oxygen concentration and the 6 mg O2 l-1 isoline which is a proxy for the depth of maximal 374 
water turnover during spring. Note the metalimnetic oxygen minima developing each 375 
autumn expanding between 15 – 40 m water depths. Concentrations of dissolved 376 
orthophosphate (c), total phosphorus (d) and particulate (i.e., mostly organismic bound) 377 
phosphorus (e). f, Total biomass (chlorophyll a concentration) of the most dominant 378 
primary producer in Lake Zurich, the cyanobacterium Planktothrix rubescens. Data based 379 
on biweekly profiles (n = 192) of parameters measured in 1 m depth intervals (0 to 120 m 380 
depth) in a,b,f. Data based on monthly profiles (n = 96) of 17 sampling depths (n = 1,632) 381 
in c,d,e. 382 
Figure 2 | Long-term trends (1977 to 2016) of mixing depth and orthophosphate 383 
concentrations. a, Dotted line and triangles: mean water turnover depth (n = 40) with 384 
color code for years with mixing depth < 100 m (red) and ≥ 100 m (blue), and regression 385 
line (f = y0 + a*x + b*x
2, r2 = 0.44 , p = 0.06). Solid line: epilimnetic orthophosphate 386 
concentrations (n = 480) with highlighted periods of water turnover (January to April, light 387 
blue) and regression line (f = y0 + a*x + b*x
2 + c*x3, r2 = 0.43, p < 0.05). The period 2009 388 
to 2016 is enlarged to show that epilimnetic phosphorus enrichment stopped since the 389 
year 2013. b, Relationship between mean mixing depth and epilimnetic orthophosphate 390 
for the years 1977 to 2016 (f = y0*e
b*x, r2 = 0.60, p <0.001), and (c) 1995 to 2016 (f = b*x 391 
+ a, r2 = 0.79, p <0.001) with colors as in (a). d, Hypolimnetic orthophosphate 392 
concentrations (solid line, n = 480) with highlighted periods of water turnover (January to 393 
April, light blue) and regression line (f = y0 + a*x + b*x
2 + c*x3, r2 = 0.53, p = <0.01 ). Grey 394 
shaded areas in (a,c,d) show confidence intervals. 395 
Figure 3 | Long-term (1977 to 2016) trends in seasonal successions of abundant 396 
algae and their potentially limiting substrates. a, Abundances of centric diatoms and 397 
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of (b) cryptophytes (n = 480 for both parameters) during characteristic phenological 398 
phases (gray-white boxes). Classification of phases followed the terminology of the 399 
Plankton Ecology Group (PEG) model published by Sommer et al18. Epilimnetic (0-20 m) 400 
concentrations of (c) silica, (d) orthophosphate-P and (e) nitrate-N (n = 480 for each 401 
parameter). All parameters were calculated as depth-volume weighted averages for the 402 
water column between 0 and 20 m depth. 403 
Figure 4 | A conceptual view of the major effects of climate warming on water 404 
turnover dynamics, primary producers and limiting nutrients in Lake Zurich. Rises 405 
in air temperatures cause stronger water column stratifications which impede complete 406 
water turnovers (holomixis) during spring. Incomplete mixis favors survival of the 407 
cyanobacterium Planktothrix rubescens, but reduces the import of limiting nutrients from 408 
the hypo- to the epilimnion. The quantitative most important vernal primary producers 409 
(centric diatoms and cryptophytes) are negatively affected due to phosphorus limitation. 410 
In addition, reduced mixis impedes down-welling of oxygen-rich epilimnetic water, leading 411 
to hypolimnetic anoxia and resolution of nutrients from sediments. At present nutrients 412 
accumulate in deep water layers owing to insufficient vernal export. 413 
Figure 5 | Triggering of diatom blooms via artificial turnover and phosphorus 414 
addition. Experiments were conducted during spring periods in 2015 (a,b,c) and 2016 415 
(d,e,f). In untreated (control) surface waters (5 m depth), neither algae nor bacteria 416 
showed increased growth (a,d). Mixing epi- (5 m depth) with hypolimnetic water (100-110 417 
m depth) promoted abundances of diatoms and bacteria (b,e). A comparable effect was 418 
achieved by addition of orthophosphate (40 µg P l-1) to epilimnetic (5 m depth) water (c,f). 419 
All treatments were set up as triplicates. Bacterial abundances are shown as averages (n 420 
= 3) ± one standard deviation. 421 
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 459 
Supplementary Figure S1 | Change point in the development of total orthophosphate 460 
content. The change point (dotted line) in whole-lake orthophosphate content (n = 480) 461 
was determined for May 1995 by applying an iterative searching approach (details in 462 
Methods). Piece-wise regressions (black solid lines, f = b*x + a) signify transition from a re-463 
oligotrophication mediated rapid orthophosphate decrease (orange line) to a stable oligo-464 
mesotrophic status (blue line). Red line: continuous running average (n = 12).  465 
 94 
 
 466 
Supplementary Figure S2 | Seasonal trends of centric diatoms and cryptophytes 467 
abundances between 1977 and 2016 and their phosphorus requirements for spring 468 
growth. a,b, Linear regressions (black solid lines; all log(y) = b*x + a ) for maximal 469 
abundances of centric diatoms and cryptophytes in spring (r2 = 0.29, r2 = 0.17, 470 
respectively) and (e,f) summer (r2 = 0.33, r2 = 0.18, respectively) with confidence intervals 471 
(grey dashed lines). Spring = March-May, summer = July-October. c,d, relationship 472 
between orthophosphate concentrations and vernal algal abundances following 473 
Michaelis-Menten equations. Horizontal black solid lines indicate calculated maximal 474 
abundances. Vertical solid black lines show half saturation constants. Color coding of 475 
dots: black = years with water turnover depths >100m, blue = turnover depths between 476 
90-100m, red = turnover depths <90m. For all parameters: n = 40.  477 
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 478 
Supplementary Figure S3 | PCA correlation biplot of interactions between mixing 479 
depth and key biological and chemical variables for the period 1977-2016 (all n = 40). 480 
The first and second components explain 39.3% and 10.7% respectively of the total 481 
variance (axes values in brackets). All variables (except mixis depth) are maxima of 482 
weighted averages for 0-20 m, except zooplankton (for 0-136 m).  483 
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 484 
 485 
Supplementary Figure S4 | Zooplankton abundance in Lake Zurich for the period 486 
1977-2016. Monthly abundance (n = 480 each) of total zooplankton (a, copepods + 487 
nauplius larvae + Phyllopoda), copepods with nauplius larvae (b) and Phyllopoda (c), 488 
averaged for 0-136 m. 489 
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 491 
Supplementary Figure S5 | Seasonality pattern of zooplankton abundance in Lake 492 
Zurich for the period 1977-2016. Monthly abundance of total zooplankton (a, copepods 493 
+ nauplius larvae + Phyllopoda), copepods with nauplius larvae (b) and Phyllopoda (c), 494 
averaged for 0-136 m. The bars show the 25th, 50th and 75th percentiles, whiskers stand for 495 
the 10th and the 90th percentiles and grey points show outliers. Values for the four last years 496 
(2013-2016) are shown in red with years as labels. For the 40 years period, the highest 497 
zooplankton abundances were reached in May (clear water phase of Lake Zurich). For all 498 
parameters: n = 480.  499 
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Supplementary Table S1 | Statistical time-trends of physico-chemical long-term 500 
data (1977 until 2016) of Lake Zurich. Trends were analyzed for the whole datasets and 501 
for periods before and after 1995. This workflow was chosen as orthophosphate values 502 
showed a change point in 1995. Phosphorus concentrations in lakes are major 503 
parameters to characterize the trophic status. 504 
 
Parameter 
 
n 
Seasonal 
Mann 
Kendall’s tau 
(period = 12) 
Mann 
Kendall’s 
tau 
Autocorrelation 
of detrended 
time series 
 
p-value 
  
Significant  
trend 
Epilimnetic 
orthophosphate 
      
whole period 480 -0.520 - - < 0.001 negative 
< 1995 216 -0.569 - - < 0.001 negative 
≥ 1995 264 -0.212 
 
- -    0.018 negative 
Hypolimnetic 
orthophosphate 
      
whole period 480 -0.443 - - < 0.001 negative 
< 1995 216 -0.484 - - < 0.001 negative 
≥ 1995 264  0.204 
 
- -    0.026 positive 
Epilimnetic 
silica 
      
whole period 480  0.541 - - < 0.001 positive 
< 1995 216 -0.158 - -    0.212 no trend 
≥ 1995 264  0.470 - - < 0.001 positive 
 
Epilimnetic 
nitrate 
 
 
 
 
                                     
 
 
 
whole period 480 -0.264 - -    0.004 negative 
< 1995 216  0.510 - - < 0.001 positive 
≥ 1995 264 -0.350 - -    0.004 negative 
       
Average mixing 
depth 
 
40 - -0.446 0.004 < 0.001 negative 
  505 
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Supplementary Table S2 | Statistical time-trends of biological long-term data (1977 506 
until 2016) of Lake Zurich. Trends were analyzed for the whole datasets and for periods 507 
before and after 1995 (for centric diatoms and cryptophytes). This workflow was chosen 508 
as orthophosphate values showed a change point in 1995. Phosphorus concentrations in 509 
lakes are major parameters to characterize the trophic status. 510 
 
Parameter 
 
n 
Seasonal 
Mann 
Kendall’s tau 
(period = 12) 
Mann 
Kendall’s 
tau 
Autocorrelation 
of detrended 
time series 
 
p-value 
  
Significant  
trend 
Centric 
diatoms 
      
all seasons 480 -0.026 
 
- - 0.594 no trend 
     spring 40 - -0.357 0.047 0.001 negative 
< 1995 18 - 0.176 -0.153 0.343 no trend 
≥ 1995 22 - 
 
-0.400 0.581 0.012 negative 
     summer 40 - 
 
0.498 
 
-0.051 
 
< 0.001 positive 
Cryptophytes       
all seasons 480 -0.127 
 
- - 0.010 negative 
     spring 40 - -0.217 -0.011 0.052 no trend 
< 1995 18 - -0.117 0.223 0.536 no trend 
≥ 1995 22 - 
 
-0.123 -0.203 0.450 no trend 
     summer 40 - -0.217 0.004 0.053 no trend  
       
Zooplankton       
     total 480 -0.138 - - 0.001 negative 
       
copepods and    
nauplius larvae 
480 -0.092 
 
- -    0.029 negative 
       
     Phyllopoda 480 -0.176 - - < 0.001 negative 
       
 511 
Centric diatoms/cryptophytes spring = maximal abundance between March and May. 512 
Centric diatoms/cryptophytes summer = maximal abundance between July and October. 513 
Zooplankton total = copepods with nauplius larvae + Phyllopoda. 514 
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